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Transmission electron microscopy was performed to investigate the microstructure and precipitates in
the annealed Co38Ni33Al29 ferromagnetic shape memory alloy. Apart from the dendritic secondary phase
in the austenite matrix, micron-sized (up to 100 lm) fcc-based precipitates with partial c0 L12 ordering
and containing none, one or three {111}p parallel twin planes were found. The orientation relationship
between the precipitates and matrix was found to be Kurdjumov–Sachs. STEM–EDX analysis indicates
that twinned and non-twinned precipitates are Co-rich and Al- and Ni-deﬁcient with respect to the
matrix and with a lower Co/Al ratio for the latter. The 3D morphologies of precipitates were recon-
structed with focused ion beam/scanning electron microscope dual-beam slice-and-view imaging, show-
ing that the single {111}p plane twinned precipitates have a plate-like shape while the non-twinned
precipitates are lath-like and often bent.
 2013 Elsevier B.V. All rights reserved.1. Introduction
Shape memory alloys (SMAs) have attracted considerable atten-
tion because of their potential applications in industry as sensors
and compact actuators and in medicine as self-expanding stents,
orthodontic and orthopedic devices, etc. [1–3]. For conventional
SMAs, the shape memory effect is induced by means of changes
in either temperature or stress or both. In ferromagnetic shape
memory alloys (FSMAs) the shape memory and related effects
can be triggered not only by the temperature and stress, but also
by changes in an external magnetic ﬁeld [4].
One well-known shape memory system is paramagnetic Ni–Al
in which the austenite b-phase has a cubic B2 structure [5]. With
replacing Ni by Co this paramagnetic alloy changes into a
ferromagnetic Co–Ni–Al SMA [6,7], which is also viewed as a high
temperature SMA as a result of its increased transformation tem-
peratures [8], an extra potential advantage over the conventional
binary system. The B2 structure of the Co–Ni–Al austenite alloy
undergoes a martenstic transformation into a tetragonal L10 mar-
tensitic phase [9]. The martensitic transformation temperatures
(start Ms or other) and magnetic Curie temperature (Tc) can indi-
vidually be controlled by changing the concentrations of Co andAl [6]. However, it is reported that Co–Ni–Al material only
consisting of single b-phase exhibits very poor ductility [6]. The
introduction of a eutectic secondary phase can improve the hot
fabricability and the high temperature ductility [6,10,11], which
implies an important advantage for practical applications. With
these properties in mind the as-cast single crystal Co38Ni33Al29 fer-
romagnetic SMA was studied by transmission electron microscopy
(TEM) a few years ago [12]. Besides the eutectic secondary phase in
the austenite matrix, nano-sized Co-rich precipitates were also
observed, and the crystallographic relationship between larger
nano-sized precipitates and matrix was found to be close to the
Kurdjumow–Sachs (K–S) relationship. In order to investigate the
evolution of the microstructure and precipitates inﬂuenced by dif-
ferent heat treatments, the as-cast samples were annealed at
1373 K for 72 h and followed by water quenching. On the other
hand, in the Co–Ni–Al system it is also reported that the hardness
of the alloy is affected by the heat treatment due to the presence of
the precipitates [13]. From metallographic aspect, the shape, crys-
tal structure and orientation relationship of precipitates play an
important role in the behavior of the alloy. In the present study,
the microstructure, morphology and chemical composition of the
precipitates of the annealed sample will be investigated with
conventional and analytical TEM. The 3D morphologies of different
precipitates will also be revealed with focused ion beam (FIB)/
scanning electron microscope (SEM) dual-beam slice-and-view
imaging technique.
Fig. 1. (a) SEM image of the BM2 bulk sample revealing the overall microstructure of the alloy. (b) Enlarged image of the rectangle in (a) showing the distribution and surface
cross-section morphologies (rod- and ellipse-like) of the precipitates in the matrix. (c) High magniﬁcation SEM image of a FIB cut from a precipitate revealing a plate-like
morphology with a central interface.
6 J.B. Lu et al. / Journal of Alloys and Compounds 572 (2013) 5–102. Materials and methods
The Co38Ni33Al29 ingotwas obtained from SpecialMetals Corporation (NewHart-
ford, NY). The ingot was melted and single crystals were grown by the directional
Bridgman technique with a pulling rate of 7.7 lm s1 in an Ar atmosphere [14].
The as-cast sample, labeled BM1, was then annealed at 1373 K in vacuum for 72 h
and followed bywater quenching. The annealed sample is labeled BM2 (see Table 1).
Conventional TEM samples were prepared by twin-jet electropolishing in a 20%
sulfuric acid and 80% methanol electrolyte at 258 K [12]. The SEM observation, FIB
cut and slice-and-view 3D imaging were carried out on an FEI Helios NanoLab 650
Dual Beam FIB/SEM system consisting of a standard ion column which allows Ga+
cleaning and milling in a range of 500 V–30 kV. To clearly observe the microstruc-
ture of the bulk sample with SEM, the sample was etched in 50 ml H2O, 50 ml HCl
and 10 g CuSO4 solution for 10 s. Conventional TEM was carried out on a LaB6
Philips CM20, while the high-resolution TEM and analytical scanning TEM
(STEM)–energy dispersive X-ray (EDX) analysis was performed on a FEI FEG Tecnai
G2, both microscopes operating at 200 kV.3. Results
3.1. Transmission electron microscopy
The microstructure of the as-cast BM1 sample was studied be-
fore by conventional and advanced TEM [12]. Besides the dendritic
secondary phases coexisting with the austenite matrix and grown
from the eutectic phase transition, nano-sized precipitates ranging
from 5 to 25 nm in diameter were observed. The orientation rela-
tionship between the larger of these nano-sized precipitates and
the B2 matrix was conﬁrmed to be close to the K–S relationship.
The smaller precipitates were found to be faceted. Energy ﬁltered
TEM revealed that the precipitates are enriched in Co with respect
to the matrix.
In the annealed BM2 sample, aside from the dendritic secondary
phases dispersed in the austenite matrix, many micron-sized
rod-like precipitates were found in the matrix and revealing a
Widmanstätten-like structure as shown in the SEM image of
Fig. 1a [9,15]. Fig. 1b shows the enlarged image of the rectangle
in Fig. 1a. Apart from the rod-like precipitates, several ellipse-
shaped (or elongated polygon) precipitates are observed. More-
over, at the left hand side of Fig. 1b, close to the eutectic structure,
some curved rod-like precipitates can be seen. The precipitates in
the BM2 sample are much larger than the ones in the BM1 sample,
but their true 3D dimensions are difﬁcult to judge from a simple
SEM image. However, from the FIB cross-section of a straight
rod-like precipitate shown in Fig. 1c they are estimated to have a
plate-like shape several (5–10) lm wide, 1–2 lm thick and some-
times up to 100 lm long. From the contrast in this image it is also
clear that a central interface exists parallel to the largest surface of
the plate.
Fig. 2a shows the BF image of six relatively small precipitates in
the BM2 sample. Selected area electron diffraction (SAED) in
Fig. 2c–f conﬁrm an fcc-based crystal structure for the precipitates.
Moreover, weak ordering reﬂections are observed indicating atleast partial c0 L12 type ordering. The BF image in Fig. 2a was taken
along the [110]p of precipitate-1 (‘‘p’’ denotes the precipitate, ‘‘a’’
stands for the cubic austenite matrix). Four of the precipitates
are labeled with numbers in order to illustrate their relative orien-
tation relationships. Typical dimensions for these precipitates are 2
or 3 lm in thickness and a few microns in length (i.e., on the small
end of the distribution scale when compared with the SEM image
of Fig. 1). Fig. 2b shows the BF image of precipitate-1 at a higher
magniﬁcation (several degrees off to the [110]p zone axis to en-
hance twin contrast) revealing a single (111)p twin plane along
the central axis. It is noted that precipitate-1 contains a re-entrant
groove at one tip as indicated by the white arrow, which provides a
preferential crystal growth site with low energy barrier for atom
attachment [16–18]. Fig. 2c shows the corresponding SAED pattern
of the twinning structure in Fig. 2b. Fig. 2d shows the SAED pattern
taken along the [110]p zone axis of precipitate-1 from its interface
with the austenite matrix as indicated by the black arrow in Fig. 2b.
The latter conﬁrms not only the K–S orientation relationship be-
tween the two structures i.e., [111]a//[110]p, (110)a//(111)p
but also shows that precipitate-1 is elongated along its [1–12]p
direction (=[112]a). Fig. 2e shows the SAED pattern from the re-
gion indicated by the white circle in Fig. 2b and thus consists of the
diffraction patterns shown in Fig. 2c and d, i.e., containing the
twinned precipitate as well as the austenite matrix. Fig. 2f shows
the diffraction pattern taken from the area as indicated by the
white circle in Fig. 2a containing the twinned precipitate-1,
twinned precipitate-4 and austenite matrix. The white arrows in
Fig. 2f indicate the diffraction spots from the twinning structures
of both precipitates. From Fig. 2f we can measure an angle of 60
between the twin planes of precipitate-1 and -4, conﬁrming the
measurement in Fig. 2a. Twin plane orientation relationships be-
tween precipitates-1, -2 and -3 were also examined from their dif-
fraction patterns relative to the diffraction pattern of the matrix,
conﬁrming the correspondence of the {111}p twin planes with
the corresponding {110}a austenite planes as well as the full K–S
orientation relationship. The contrast inside the long unlabeled
precipitate also observed in Fig. 2a indicates a twin plane inclined
to the viewing direction, which was conﬁrmed after tilting the
specimen. From the relative orientation relationships, it can thus
be concluded that the twinned rod-shaped precipitates in the
BM2 sample have a speciﬁc orientation distribution, possibly due
to the existence of the {111}p twin planes inside the precipitates,
while the precipitate and matrix crystal structures have a K–S ori-
entation relationship.
Although most of the c0 precipitates contain only one single
twinning plane, Fig. 3a shows the [110]p (=[111]a) zone axis BF
image of a precipitate containing three parallel {111}p twinning
planes. The corresponding SAED pattern taken from the whole
area, i.e. including the surrounding matrix, is shown in the low-
er-right corner and is similar to the SAED in Fig. 2e. The inset in
the lower-left corner shows the enlarged image of the lower-left
Fig. 2. TEM study of the precipitates in the BM2 sample. (a) BF image of six precipitates taken along the [110]p zone axis of precipitate-1 (i.e., [111]a of matrix). (b) BF image
of precipitate-1 at higher magniﬁcation (several degree off to the [110]p). (c) [110]p zone axis SAED of precipitate-1 from the twinning region. (d) [110]p zone axis SAED of
precipitate-1 from the interface of precipitate-1 and matrix as indicated by the black arrow in (b) showing the K–S orientation relationship. (e) [110]p SAED of precipitate-1
from the region indicated by the white circle in (b). (f) [110]p SAED of precipitate-1 from the region indicated by the white circle in (a) (the major spots are from the [111]a
matrix).
Fig. 3. (a) BF image of a triple {111}p twinned precipitate observed along the [110]p zone axis of the precipitate with the enlarged image of one tip and corresponding SAED
as insets. (b) Shows the BF image of a precipitate taken along its [111]p zone axis (i.e., [110]a). (c) Corresponding SAED taken at the black arrow position in (b) (weak spots
around the main reﬂection spots are due to double diffraction).
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black arrow indicates a small re-entrant groove and the two white
arrows indicate the side faces between the twin planes. Fig. 3b
shows the BF image of a precipitate taken along the [111]p zone
axis (i.e., the normal to the twin plane) revealing a close to faceted
plate shape of the precipitate. Fig. 3c shows the corresponding
SAED taken at the black arrow in Fig. 3b and including some double
diffraction (weak spots around the main reﬂection spots). The ob-
served cross-sections of the precipitates in Fig. 2a reveal that the
major parts of the ﬂat edges are parallel with the internal central
twin planes, i.e. close-packed {111}p planes. It has been reported
that the precipitates in Co–Ni–Al system grow along a h111ia
direction since the misﬁt between the B2 matrix and fcc-Co precip-
itates are minimum (0.5%) in the h111ia direction of the B2 matrix
[13], which is consistent with our observation in Fig. 3b that the
long axis of the prolonged plate-like precipitate is along the
[111]a direction. The faceted edges observed in Fig. 3b might
be due to the truncation of the polyhedron shape of the precipitate.This view conﬁrms the approximate ellipse-like (or elongated
polygon) shapes in the SEM image Fig. 1b.
Apart from the twinned precipitates, a few precipitates free of
twinning are also observed. Fig. 4 shows the BF image of a precip-
itate without twinning and observed along the [111]a of the matrix
(i.e., [110]p). The inset shows the corresponding SAED from the
precipitate and matrix conﬁrming the partial L12 ordering by weak
superreﬂections and a K–S orientation relationship. Compared
with the twinned precipitates, no re-entrant grooves at the short
edges of the precipitate are found.
3.2. Chemical analysis
Chemical concentration gradients across the phase boundaries
were found to strongly affect the mechanical properties of SMA
such as in precipitation-hardened maraging TRIP steel [19] and
Ni–Ti multi-layer ﬁlms [20]. In the present work, the chemical
information across the interfaces between the precipitates and
Fig. 4. BF image of a precipitate without twinning. Inset shows the corresponding
SAED pattern from the precipitate and matrix conﬁrming the K–S orientation
relationship.
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shows the STEM image of a single twinned precipitate while
Fig. 5b shows the STEM line scan EDX proﬁles of the three occur-
ring elements. Table 2 shows the quantitative concentrations ob-
tained from the element proﬁles, including thickness correction
and illustrating that the single twinned precipitate is Co-rich and
Al- and Ni- deﬁcient with respect to matrix, as expected. As seen
in Fig. 5b no clear chemical gradient zone in the austenitic matrix
was observed. STEM–EDX analyses were also performed to investi-
gate the chemical information of non-twinned precipitates (Ta-
ble 3). Compared to the data in Table 2, the compositions of both
matrices are nearly the same, but the Co concentration is 6.7% low-
er and the Al concentration is 31% higher in the non-twinned pre-
cipitate, while the Ni concentration is almost identical in both
kinds of precipitates.3.3. Slice-and-view (FIB/SEM) study
Although some indications of the 3D plate-like shape of the pre-
cipitates were already given above, in the following slice-and-view
(FIB/SEM) is used to further document the 3D morphology of theFig. 5. (a) STEM image of a single twinned precipitate. (b) EDX concentraprecipitates [21,22]. The cutting ion beam was operated at 30 kV,
9.5 nA and the imaging electron beam at 5 kV, 1.6 nA. The thick-
ness of the slice cut off is 100 nm.
Fig. 6a and b show the reconstructed images of a relatively large
and single twinned precipitate viewed from different directions.
From the measured primary dimensions we can conﬁrm that the
precipitate has a plate-like shape, whereas most SEM and TEM
images reveal a ‘‘rod-like’’ shape. Moreover, it is conﬁrmed that
the major parts of the large faces of the precipitate are parallel to
the internal twinning plane. Fig. 6c shows one of the cross-section
SEM images of the precipitate used for the reconstruction and
revealing the single twin internal structure. It is noted that the
re-entrant groove of the single twinned precipitate has vanished
because of the preferential growth at the groove by which only
slow-growing protruding facets are retained [16,23].
Fig. 7a–c show the reconstructed images of a non-twinned pre-
cipitate viewed along different directions. Fig. 7d shows one of the
cross-section SEM images of the precipitate used for the 3D recon-
struction, revealing the absence of twinning inside the precipitate.
In contrast to the large ﬂat side faces parallel to the twinning plane
in Fig. 6, it is clear from Fig. 7b that the side faces of the non-
twinned precipitate are a bit curved. Moreover, the 3D shape of
this precipitate is more lath-like with one very long axis. The cur-
vature of the non-twinned precipitate conﬁrms the SEM observa-
tions in Fig. 1b of some curved precipitates at the left side of the
image.4. Discussion
The above results follow our earlier conclusions on as-cast and
shortly annealed samples of the same system [12,24]. The nano-
precipitates observed in those studies have grown to micron-sized
precipitates presented here. The morphology of a non-twinned
precipitate in alloys induced by aging treatment is known to be
generally dominated by its crystal structure, its misﬁt with the ma-
trix and the resulting structure of the interphase boundary. The
growth of the precipitate generally follows the direction of the
lowest interface misﬁt, and there is no preferential site to increase
the growth rate. Under different circumstances non-twinned rod-
or needle-shaped precipitates have been reported in the present
system before. In recent work by Oh et al. hexagonal (Ni,Co)2Al
phase precipitates with needle- or rod-like shapes and up to
1 lm in length were observed in samples annealed at lower
temperatures than in the present work [25]. Tian et al. observed
micron-sized hcp- and fcc-based Co-rich rod-shaped precipitates
when annealing the system at higher temperatures [13]. Althoughtion proﬁles of Co, Ni and Al across the precipitate–matrix interface.
Table 1
Pulling rates, annealing temperature and time for the studied materials.
Pulling rate (lm s1) Annealing temperature
and time (K/h), followed by
water quenching
BM1 7.7 As-cast
BM2 7.7 1373/72
Table 2
Quantitative concentrations obtained from the element proﬁles in Fig. 5b, including
statistical standard error values.
Co (at.%) Ni (at.%) Al (at.%)
Matrix 35.21 ± 0.18 34.34 ± 0.25 30.44 ± 0.27
Precipitate 59.12 ± 0.24 29.93 ± 0.23 10.94 ± 0.33
Table 3
Quantitative concentrations obtained from the non-twinned precipitate in Fig. 4 using
STEM–EDX analysis, including statistical standard error values.
Co (at.%) Ni (at.%) Al (at.%)
Matrix 35.02 ± 0.33 35.15 ± 0.26 29.82 ± 0.32
Precipitate 55.13 ± 0.55 30.51 ± 0.39 14.35 ± 0.37
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fcc precipitates and the B2 matrix, no L12 ordering was observed
and no twinning inside the precipitates was concluded (although
the contrast in the rod of Fig. 8a in Ref. [13] could possibly be
due to internal twinning). In both of the above cases, the long axis
of the rod was seen to grow in the h111i direction of the B2 matrix,
following the direction of the lowest interface strain, similar to the
lens-shape of Ni4Ti3 precipitates playing an essential role in the
functional behavior of SMA alloys of the Ni–Ti system [26,27]. In
the latter case the change in interplanar spacing in the directionFig. 6. (a and b) The reconstructed images of a single twinned precipitate viewed along d
twinning structure in the precipitate.
Fig. 7. (a–c) Reconstructed images of a non-twinned precipitate viewed along different d
free structure.perpendicular to the central plane of the precipitate induces a
strain gradient in the matrix further hindering the growth of the
precipitate in this direction. The non-twinned L12 precipitates ob-
served in the present system also primarily reveal rod-like shapes,
conﬁrming the earlier work.
The situation of twinned precipitates is usually quite different.
For example, in the Al–Ge alloy system, the morphologies of the
Ge precipitates, growing with the diamond structure inside the
Al fcc matrix, are directly related to the number and type of inter-
nal twin structures [23]. Triangular plate-shaped precipitates con-
tain only one twinning plane while hexagonal plate-shaped
precipitates contain two or more parallel twinning planes. The
occurrence of a twin plane results in dense and slow growing
(111)fcc surface planes parallel to the twin plane of the precipitates
meanwhile forming re-entrant surface grooves at twin junctions
yielding preferential sites with low energy barriers for atom
attachment. In the present case re-entrant grooves were observed
in Figs. 2b and 3a. It can thus be concluded that the existence of a
single {111}p twin plane yielding re-entrant grooves at three of the
edges of a precipitate plus the K–S relationship between precipi-
tate and matrix result in the formation of ﬂat plate-like precipi-
tates. The rod-like shapes observed with 2D SEM and TEM can
thus be interpreted as (mechanical and electro)-polished cross-sec-
tions of these 3D plate forms.
A note needs to be added on the occurrence of the L12 ordering.
Since the corresponding superreﬂections are relatively weak and
even look somewhat diffuse the precipitates are not considered
to being completely ordered. Although every attempt was made
to ensure a rapid quench avoiding diffusion, this partial ordering
could have occurred during quenching. In Ref. [9] the XRD spec-
trum obtained from a Ni–33Co–28Al alloy after quenching from
1473 K also reveals a small (100) peak, indicating partial L12
ordering.
The reason why twinned as well as non-twinned precipitates
exist in the present annealed alloy can possibly be related with
the strong difference in Co/Al ratio, as concluded from the EDXifferent directions. (c) One of the SEM images used for reconstruction revealing the
irections. (d) One of the SEM images used for the reconstruction revealing the twin-
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are indeed prone to concentration inhomogeneities in the matrix
[14,28], but more likely concentration gradients induced by the
formation of the eutectic regions will inﬂuence the concentration
of the precipitates grown close or far away from these regions. In
other words, precipitates observed close to the Co-rich and Al-poor
eutectic regions (non-twinned ones) will contain less Co and more
Al than precipitates in the central areas of the matrix (twinned
ones). Such concentration differences can stabilize different lattice
planes of the precipitate structure, locally change elastic properties
as well as lattice parameters thus giving rise to different energy
competing conditions with the surrounding matrix favoring
twinned or non-twinned precipitates, depending on the actual
concentration.
There still exists some controversy about the nucleation of such
twinned precipitates. In the Ni2AlTi system it was claimed that the
nucleation starts at the mid-rib, the twin plane, and grows
sideways generating two twin variants [15], whereas in the Al–
Ge system it was suggested that non-twinned nano-particles
nucleate ﬁrst as octahedral shapes with a special orientation
relationship with the matrix with the twin developing subse-
quently [23]. In the current investigation, in which a close-packed
fcc structure nucleates inside a more open bcc system, many non-
twinned Co-rich nano-precipitates were observed in the as-cast
BM1 sample together with some bigger ones, still non-twinned,
that ﬁt the K–S orientation relationship with the matrix.
These might be considered as different stages of precursors to
the micron-sized plate-like precipitates in the annealed BM2 sam-
ple, which implies that the twins are formed somewhat after the
nucleation.
From the above results it is clear that different heat treatments
of Co–Ni–Al will result in particular microstructures, which can af-
fect certain mechanical properties such as ductility, hardness, etc.
As mentioned above, Tian et al. reported initial age hardening fol-
lowed by softening or immediate softening depending on the aging
temperature of the Co–Ni–Al system [13]. Although no clear con-
clusions were drawn this evolution could possibly be correlated
with the parallel evolution of the precipitation. Precipitation will
also affect the structural shape memory behavior. Indeed, the mar-
tensitic transformation temperatures will be affected by the matrix
concentration balancing that of the volume fraction of the Co-rich
and Al-poor precipitates [29] while precipitates can also act as
nucleation sites [26,27,30] and/or hamper the transition front thus
widening the hysteresis [31]. Preliminary results further indicate
that the precipitates are ferromagnetic at room temperature, i.e.
their Tc is higher than that of the austenite, and the magnetic do-
mains inside the precipitates depend on their shapes, microstruc-
ture and the existence of twin planes. For now, aside from some
local deformation of the matrix domains, no unambiguous effects
of the internal domains in the precipitates on the ferromagnetic
domains appearing in the austenite upon cooling nor in the ensu-
ing martensitic transformation have been observed, but further
work will be necessary to provide complete answers. These results
can be expected to be of interest for future work on these alloys
when they are further investigated for their potential use as ad-
vanced high temperature engineering or magnetic shape memory
materials.
5. Conclusions
Transmission and scanning electron microscopy as well as ana-
lytical techniques were used to investigate the microstructure and
chemical composition of precipitates in a Co38Ni33Al29 ferromag-
netic shape memory alloy which was grown with a pulling rate
of 7.7 lm s1 and annealed at 1373 K for 72 h. Compared tothe as-cast sample obtained from the same single crystal, besides
the dendritic secondary phase, many micron-sized non-twinned,
single and triple {111}p twinned precipitates with partial c0 L12
ordering were observed in the austenite matrix. The orientation
relationship between precipitates and matrix was determined to
be the Kurdjumov–Sachs orientation relationship. STEM–EDX
analysis indicates that twinned and non-twinned precipitates are
Co-rich and Al- and Ni-deﬁcient with respect to the matrix and
with a lower Co/Al ratio for the latter, a difference possibly related
with the site of precipitation with respect to the eutectic regions. A
3D morphology investigation of precipitates with FIB/SEM slice-
and-view imaging revealed that the single {111}p twinned
precipitates have a plate-like shape with ﬂat {111} faces while
the non-twinned precipitates have a lath-like shape and can be
curved.
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